Filamentous tau aggregates, the hallmark lesions of Alzheimer disease (AD), play key roles in neurodegeneration. Activation of protein degradation systems has been proposed to be a potential strategy for removing pathological tau, but it remains unclear how effectively tau aggregates can be degraded by these systems. By applying our previously established cellular model system of AD-like tau aggregate induction using preformed tau fibrils, we demonstrate that tau aggregates induced in cells with regulated expression of full-length mutant tau can be gradually cleared when soluble tau expression is suppressed. This clearance is at least partially mediated by the autophagy-lysosome pathway, although both the ubiquitin-proteasome system and the autophagy-lysosome pathway are deficient in handling large tau aggregates. Importantly, residual tau aggregates left after the clearance phase leads to a rapid reinstatement of robust tau pathology once soluble tau expression is turned on again. Moreover, we succeeded in generating monoclonal cells persistently carrying tau aggregates without obvious cytotoxicity. Live imaging of GFP-tagged tau aggregates showed that tau inclusions are dynamic structures constantly undergoing "fission" and "fusion," which facilitate stable propagation of tau pathology in dividing cells. These findings provide a greater understanding of cell-to-cell transmission of tau aggregates in dividing cells and possibly neurons.
Filamentous aggregates made up of hyperphosphorylated tau protein are the defining pathological feature of numerous neurodegenerative diseases, such as Alzheimer disease, corticobasal degeneration, progressive supranuclear palsy, and Pick disease, which are collectively termed tauopathies (reviewed by Ref. 1) . Physiologically, tau is a highly soluble microtubule-associated protein important for the assembly and stability of microtubules (2, 3) . Insoluble, aggregated tau that is hyperphosphorylated and conformationally altered not only loses its physiological role of binding microtubules, but can also physically interfere with normal functioning of other cellular components (reviewed by Ref. 4) . Strong correlations of the distribution and severity of tau pathology with clinical phenotypes of tauopathy patients (5-7) support the key contribution of aggregated tau to neuronal dysfunction and degeneration in these diseases, although some studies suggest pre-fibrillar tau species, such as oligomers, could be equally, if not more toxic than mature tau fibrils (8 -11) .
One obvious strategy to treat tauopathies is to remove intracellular tau aggregates either by promoting the disassembly of tau fibrils or by activating cellular degradation machineries to clear these toxic entities. A recent study demonstrated that it is possible to reverse mature tau inclusions together with associated neuronal deficits by suppressing soluble tau expression in a mouse model with inducible expression of tau, but the exact mechanism of tau pathology clearance was not explored (12) . There are two primary protein degradation systems in cells, the ubiquitin-proteasome system (UPS), 3 which is responsible for the turnover of soluble and/or short-lived proteins, and the autophagy-lysosome pathway (ALP), which is important for the degradation of insoluble and/or longer-lived proteins as well as damaged cellular organelles (reviewed by Ref. 13 ). The majority of existing studies on tau degradation focused on soluble or monomeric tau, which was shown to be the substrate of both UPS and ALP (reviewed by Ref. 14) . Several papers demonstrated that stimulation of autophagy by trehalose or rapamycin can ameliorate tau pathology both in cultured cells and transgenic mice overexpressing mutant tau (15) (16) (17) . However, it is not clear whether autophagy participates in the basal degradation of insoluble tau without pharmacological activation. More importantly, tau aggregates induced purely by overexpression of mutant tau in these models may be qualitatively different from authentic tau pathology developed in diseased brains (18, 19) . Furthermore, whereas inhibition of ALP has been shown to induce tau deposition (20 -22) , the effect of tau aggregation on ALP has not been well studied.
We previously established a cell model with robust tau aggregates closely resembling neurofibrillary tangles in the AD brains, whereby preformed tau fibrils (tau PFFs) were transduced into QBI-293 cells transiently transfected with mutant tau to "seed" the fibrillization of soluble tau (18) . We now adapt this model to a stable cell line with inducible expression of mutant tau, which allows us to study the turnover of tau aggregates upon suppression of tau expression. A GFP tag attached to the overexpressed tau further enables us to directly visualize the dynamics of PFF-induced tau aggregates through live imaging. In addition, we successfully generated a clone stably carrying tau aggregates due to faithful propagation of misfolded tau seeds to daughter cells during cell division. With the improved system, we found that tau aggregates can be gradually cleared from cells when soluble tau expression is turned off and this clearance process is at least partially mediated by the ALP. However, the presence of even a minute amount of residual aggregates is sufficient to rapidly reinstate tau aggregation once tau expression is turned on again. These observations increase our understanding of cellular responses to tau aggregates, and have implications regarding therapeutic strategies directed toward modulation of tau expression or enhancement of the ALP pathway in tauopathies.
Experimental Procedures
Cell Culture and Generation of Stable Cell Lines with Inducible Expression of Tau-Human embryonic kidney-derived QBI-293 cells (QBiogene) were grown in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% pyruvate (10 mM), 1% penicillin-streptomycin and L-glutamine (20 mM) . Cells were maintained at 37°C in humidified atmosphere containing 5% CO 2 .
To generate stable cell lines expressing full-length human tau T40 (2N4R) carrying the P301L mutation with a GFP tag (T40/P301L-GFP), 1 day prior to transfection, 80% confluent QBI-293 cells were trypsinized and then plated at 1.5 ϫ 10 6 in a 10-cm dish. The growth medium was renewed directly before transfection. DNA mixture containing 2.5 g of pcDNA6-TR and 2.5 g of pcDNA4/TO-T40/P301L-GFP was diluted in 500 l of Opti-MEM (Invitrogen) and 15 l of FuGENE 6 Transfection Reagent (Roche Applied Science) diluted in 500 l of Opti-MEM was added. The mixture was incubated for 15 min at room temperature and then added to the cells. After 24 h incubation, the growth medium was removed and replaced with fresh medium containing 5 g/ml of blasticidin and 200 g/ml of Zeozin. Monoclonal lines were generated by limited dilution of drug-resistant cells and thereafter grown in full medium containing tetracycline-screened FBS and the same concentrations of selection drugs. Clone 4 stably expressing T40/P301L-GFP was selected for use in this study.
Tau PFF Generation and Transduction-The cDNA coding for Myc-K18 containing the P301L mutation (Myc-K18/P301L) was cloned into pRK172 bacterial expression vector. After expression in BL21(DE3) RIL cells, recombinant Myc-K18/ P301L was purified by cationic exchange using a fast protein liquid chromatography (FPLC) column as described previously (23) . Preformed Myc-K18/P301L fibrils (tau PFFs) were generated by mixing 40 M purified recombinant Myc-K18/P301L with 40 M low molecular weight heparin and 2 mM DTT in 100 mM sodium acetate buffer (pH 7.0) and incubated at 37°C for 3 days without agitation. Prior to being used on cells, the fibrillization mixture was centrifuged at 100,000 ϫ g for 30 min at 22°C and the resulting pellet was re-suspended in equal volume of 100 mM sodium acetate buffer (pH 7.0) without heparin and DTT.
Tau PFF transduction was performed using BioPORTER reagent as previously described (18) . Briefly, 80 l of 10 M sonicated Myc-K18/P301L fibrils were added to one tube of Bio-PORTER reagent. After gentle mixing and 10 min incubation at room temperature, the fibril-reagent complex was diluted with Opti-MEM and added to one well of cells in a 6-well plate prewashed with Opti-MEM. Cells were placed back on fresh full medium 4 -6 h after transduction. One or 2 days before tau PFF transduction, inducible cells were placed on medium containing 1 g/ml of Dox to ensure high expression of soluble tau by the time of transduction. For generating monoclonal cells with persistent tau aggregates, clone 4 cells with inducible expression of T40/P301L-GFP were plated 1 day before tau PFF transduction with 100 ng/ml of Dox. Following tau PFF transduction, clone 4 cells were maintained on 100 ng/ml of Dox and cultured for 3 weeks with regular passaging. Monoclonal cell lines with close to 100% aggregation rate, including clone 4.1 cells, were generated by limited dilution.
Sorting of Clone 4.1 Cells-To enrich for cells carrying large compact tau aggregates, the T40/P301L-GFP aggregate-bearing monoclonal line 4.1 was sorted using a FACS Aria flow cytometer (BD Biosciences) and FACS Diva 6.0 software. Cell sorting was based on the morphology of GFP-positive tau inclusions, which were differentiated based on the height and width of the GFP signals (FITC-H and FITC-W, respectively, as shown in Fig. 1D ). The width of the signals (in arbitrary units) indicates the "duration" of the fluorescent signal while a cell passes through the laser, and the height of the signals (in arbitrary units) indicates signal intensity. In cells without tau aggregates or with only small tau aggregates, GFP signals are evenly distributed over the entire cells and are therefore characterized by a larger signal width as compared with cells with large and more consolidated aggregates. Gates for sorting aggregate-carrying cells were set at the extreme values of the FITC-W spectrum to enrich for cells with the sharpest width and hence the largest aggregates (see Fig. 1D ). To confirm the accuracy of sorting, sorted clone 4.1 cells were fixed and stained with APCconjugated AT8 antibody, which specifically recognizes phosphorylated tau aggregates. Sorted clone 4.1 cells were used in this study and were referred to as clone 4.1 for simplicity.
Reinstatement of Tau Aggregates in Clone 4.1 Cells-Clone 4.1 cells were grown in the absence of Dox for various intervals (0, 4, 7, 14, and 21 days) to allow for clearance of both soluble and insoluble tau. Cells were then split onto clear bottom 384-well plates and re-exposed to Dox for different intervals (0, 2, 4, and 7 days) to reinitiate aggregate formation, with 16 wells per condition. To assess the amount of insoluble tau harbored by cells at the end of the experiment, cells were extracted with 1% hexadecyltrimethylammonium bromide (Sigma) and then fixed with 4% paraformaldehyde (PFA). The plate was imaged using InCell 1000 (GE Healthcare) with 4 images taken per well, and GFP signals were quantified using Developer 1.9 software (GE Healthcare) and expressed as average area/nucleus.
Induction of ␣-Synuclein (␣-Syn) Aggregates in Clone 4.1 Cells-Clone 4.1 cells grown in Dox-containing medium were plated 1 day before transient transfection with A53T mutant ␣-Syn in pcDNA5/TO using FuGENE 6 according to the manufacturer's instructions at 2 g of DNA per well for cells on a 6-well plate. C-terminal truncated ␣-Syn (1-120) with a myc-tag was purified, assembled into fibrils, and transduced as previously described, whereby 0.8 g of Myc-syn1-120 PFFs were transduced per well with Bio-PORTER reagent (24) . At ϳ6 h after transduction, cells were placed back on complete medium containing 1 g/ml of Dox. Robust induction of Lewy body-like ␣-Syn aggregates was observed 1-2 days after PFF transduction.
Preparation of Lysosomal and Proteasomal Inhibitors-Stock solutions of bafilomycin A1 (BafA1) (Sigma), clasto-lactacystin ␤-lactone (c-lac) (Calbiochem), and epoxomicin (epox) (Sigma) were prepared at 0.1, 3, and 2.5 mg/ml, respectively, in DMSO, aliquoted and kept frozen at Ϫ20°C until use. Stock solution of chloroquine diphosphate (CQ) (Sigma) was freshly prepared at 30 mM in distilled H 2 O right before each experiment. Further dilutions of these drugs were directly made in cell medium to reach working concentrations as indicated in the figure legends.
Immunocytochemistry and Imaging-For regular fixing (as shown in Fig. 1B, left panel) , cells were incubated with ice-cold 4% PFA for 15 min at room temperature. To remove soluble proteins (as shown in Fig. 1B , right panel), 1% Triton X-100 was added to 4% PFA during fixing. After blocking with 3% bovine serum albumin and 3% FBS in phosphate-buffered saline (PBS) for 1 h at room temperature, cells were incubated with specific primary antibodies (see Table 1 ) diluted in the blocking buffer for 2 h at room temperature or overnight at 4°C, followed by incubation with Alexa Fluor 594-or 647-conjugated secondary antibodies (Invitrogen) diluted in the blocking buffer for 2 h at room temperature. For immunostaining of LC3 and LAMP1, cells were fixed with 4% PFA without Triton X-100, but 0.05% saponin was added to the blocking buffer for all the subsequent blocking and antibody incubation steps. Stained coverslips were mounted onto glass slides using DAPI-containing Fluoromount-G (Southern Biotech). DAPIfree Fluoromount-G was used for coverslips stained with Alexa Fluor 647-conjugated secondary antibody. Immunofluorescence images were acquired using an Olympus BX 51 microscope equipped with a digital camera DP71 and DP manager (Olympus), or Leica DMI6000 microscope equipped with a DFC365 FX monochrome camera and Leica Application Suite (Leica), or Axiovert 135 microscope with a AxioCam MRm camera. All live imaging was performed using a Leica DMI6000 microscope, with cells grown in the regular medium and the culture dish secured inside a moist chamber maintained at 37°C.
Whole Coverslip Quantifications of Triton-insoluble Tau Aggregates during Dox Withdrawal-To test whether soluble tau removal indeed led to progressive reduction in the total aggregate burden independent of mitosis-mediated aggregate dilution, clone 4.1 cells that had been off Dox for 5 days were plated at 4 ϫ 10 4 per coverslip on a 24-well plate for quantifying the amounts of Triton-insoluble tau aggregates over time. Two coverslips were fixed at ϳ5 h after plating for the 5-day off Dox time point. Two more sets of duplicate coverslips were fixed at 7 and 10 days off Dox with no further passaging of the cells during the 5-day period. Fixing was done with 4% PFA containing 1% Triton X-100 to remove soluble tau. Automated scanning of whole coverslips were then performed using a Lamina TM Multilabel Slide Scanner (PerkinElmer Life Sciences) to capture Triton-resistant GFP signals, which mark insoluble tau aggregates. The total intensity of GFP signals (total area occupied ϫ average intensity) were quantified using the image analysis platform HALO TM (Indica labs). Sequential Extraction and Western Blotting-Cells were first scraped into Triton lysis buffer (1% Triton X-100 in 50 mM Tris, 150 mM NaCl, pH 7.6) containing protease and phosphatase inhibitors and incubated on ice for 15 min. Following sonication, lysates were centrifuged at 100,000 ϫ g for 30 min at 4°C. Supernatants were kept as "Triton fraction," whereas pellets were washed once in Triton lysis buffer (again with sonication and centrifugation), resuspended, and sonicated in SDS lysis buffer (1% SDS in 50 mM Tris, 150 mM NaCl, pH 7.6) containing protease and phosphatase inhibitors at a volume that is 1 ⁄ 3 or 1 ⁄ 4 of the Triton lysis buffer. After centrifugation at 100,000 ϫ g for 30 min at 22°C, supernatants were saved as "SDS fraction." Protein concentrations in the Triton fraction were determined using the bicinchoninic acid assay (Fisher). Five to 15 g of proteins from the Triton fraction and an equal volume of corresponding SDS fraction were resolved on 5-20% SDSpolyacrylamide gels, transferred to nitrocellulose membranes, and blocked in 5% fat-free milk in Tris-buffered saline before probing with specific primary antibodies (see Table 1 ). Odyssey blocking buffer (Li-Cor Biosciences) was used for LC3 blots. The blots were further incubated with IRDye-labeled secondary antibodies and scanned using ODY-2816 Imager (Li-Cor Biosciences).
Quantifications and Statistical Analysis-Densitometry quantification for Western blotting was performed using Odyssey software (Li-Cor Biosciences). For quantifying the percentage of tau aggregate-bearing cells, 10 random field images were taken at ϫ40 magnification per time point for each independent set of experiment, and the counting was done manually using the "Cell Counter" plug-in in ImageJ (NIH). Colocalization between tau or ␣-Syn aggregates and ALP or UPS markers was quantified by Manders coefficients using the "JACoP" plug-in in ImageJ with the threshold for each channel manually adjusted to remove background signals. Ten ϫ40 random-field images from each independent set of experiments were included for the colocalization analysis. For all of the above, the numbers of independent experiments conducted were indicated in the figure legends. Statistical analyses were performed as described in the figure legends. For comparing tau levels FIGURE 1. Generation of a stable clone persistently carrying tau aggregates. A, a monoclonal cell line with Dox-regulated expression of T40/P301L-GFP (clone 4) was sequentially extracted by 1% Triton X-100 lysis buffer (Tx) followed by 2% SDS lysis buffer and immunoblotted with a polyclonal pan-tau antibody 17025 and phospho-tau antibody PHF-1 (pS396/S404). GAPDH was used as the loading control. Little tau expression was observed in cells grown in Dox-free medium (Ϫ). Although abundant tau expression was detected after 2 days induction with 1 g/ml of Dox (ϩ), no appreciable Triton-insoluble tau was recovered in the SDS fraction. B, in clone 4 cells that are induced with Dox, GFP-tagged tau remained largely soluble and can be completely removed by 1% Triton X-100 extraction during fixing (1% Tx ext.). Cells were counterstained with DAPI to visualize cell nuclei. C, top panels: Triton-insoluble tau accumulated in Dox-induced clone 4 cells after transduction of Myc-K18/P301L PFFs mediated by BioPORTER reagent; bottom panels, a monoclonal cell line stably carrying tau aggregates (clone 4.1) was generated after 3-week passaging and subcloning of Myc-K18/P301L PFF-transduced clone 4 cells followed by fluorescenceactivated cell sorting. As in B, soluble proteins were extracted by 1% Triton X-100 during fixing. GFP-tagged tau aggregates (left column) also showed immunoreactivity for PHF-1 (right column). D, top panel, clone 4.1 cells were sorted based on GFP signals as described under "Experimental Procedures." About 13.9% of cells were selected as positive for aggregates (Ag), and about 9.82% as negative for aggregates (Non-Ag). The two categories of cells were separately cultured after sorting. during Dox removal (Fig. 3 , C and D), two-way ANOVA was performed followed by Dunnett's post hoc test comparing each off Dox time point with t ϭ 0. For analyzing total intensity of tau aggregate during Dox removal (Fig. 4B ), one-way ANOVA was performed followed by Tukey's post hoc test for all pairwise comparisons. For analyzing the effects of lysosomal and proteasomal inhibitors on tau clearance in clone 4.1 cells (Fig. 6 ), one-way ANOVA was performed followed by Dunnett's post hoc test comparing each drug treatment condition with the untreated control. For the other experiments, a priori pairwise comparisons were conducted using two-tailed unpaired Student's t test, with the selected comparisons for each experiment described in the figure legends. For all statistical analysis, differences with p values less than 0.05 are considered significant and marked with "*" in the graphs.
Results

Generation of Tau Aggregate-bearing Cells Using an Inducible Cell
Line-To investigate the turnover of tau aggregates in cells, we generated a monoclonal line of QBI-293 cells (clone 4 cells) with Dox-regulated inducible expression of human tau of the longest isoform carrying the P301L mutation (T40/P301L) (Fig. 1A) , with a GFP tag attached to facilitate direct visualization of tau inclusions (Fig. 1B) . The overexpressed mutant tau in clone 4 cells remains soluble and fully extractable by 1% Triton X-100 (Fig. 1, A and B) . To induce tau aggregation, clone 4 cells were transduced with tau PFFs assembled from recombinant Myc-K18/P301L using BioPORTER reagent, as previously described (18) . Triton-insoluble tau aggregates were robustly induced after tau PFF transduction when tau expression was turned on (Fig. 1C, top panels) , suggesting seeded fibrillization of P301L mutant tau is minimally affected by the presence of a GFP tag. Live imaging was performed on newly transduced clone 4 cells to delineate the early phase of tau PFF-seeded aggregation in real time (supplemental Movie S1; Fig. 2A ). At about 6 -7 h after the addition of tau PFFs, a subset of cells displayed small focal tau inclusions that gradually increased in size over time, presumably reflecting recruitment of soluble tau into growing aggregates. Other cells started with less discrete and more diffusely distributed puncta, which progressively became more prominent and eventually coalesced into one or two large aggregates per cell.
To create a homogeneous clonal population of tau aggregate-bearing cells, we passaged clone 4 cells, in which aggregates had formed after tau PFF transduction, for 3 weeks, A, Triton-insoluble tau aggregates were shown at different time points after tau PFF-transduced clone 4 cells were cultured on Dox-free medium (3 to 12 days off Dox). Soluble proteins were removed by 1% Triton X-100 extraction during fixing. Scale bar: 200 m for GFP; 50 m for PHF-1. B, clone 4 cells with or without tau PFF transduction were sequentially extracted by 1% Triton X-100 lysis buffer (Tx) followed by 2% SDS lysis buffer (SDS) after different off Dox durations and immunoblotted with 17025 and PHF-1. Only the Triton X-100 fraction was shown for cells without tau PFF transduction as these cells do not contain Triton X-100-insoluble tau (see Fig. 1A ). GAPDH served as a loading control; "t ϭ 0" refers to the time point right before Dox removal. Samples from duplicate wells of a representative set of experiments were shown as 1 and 2. C and D, densitometry quantifications of 17025 immunoblots for experiments shown in B. Independent sets of experiments used for quantification: n ϭ 2 for "no PFFs" cells; n ϭ 4 for "with PFFs" cells, but only 2 sets of experiments had 10-day off time points, and 3 sets had 12-day off time points. Measurements were normalized to t ϭ 0 samples in each set and shown as mean Ϯ S.E. C compares clearance of Triton X-100-soluble tau in cells with and without tau PFF transduction, whereas D compares clearance of Triton X-100-soluble and -insoluble (i.e. SDS-soluble) tau in cells with PFF transduction. For both C and D, two-way ANOVA showed a significant effect of time on tau levels (p Ͻ 0.0001) but a non-significant difference between no PFFs and with PFFs cells or between Triton X-100-soluble and -insoluble tau in PFF-transduced cells. Dunnett's post hoc test was performed for pairwise comparisons between t ϭ 0 and each of the other time points, with significant differences marked in the graphs. *, p Ͻ 0.05. **, p Ͻ 0.01. Quantification of PHF-1 blots revealed similar trends (data not shown). n.s., non-significant.
followed by single cell cloning to generate monoclonal cell lines. Notably, we obtained clones with persistent tau inclusions. One of these clones, clone 4.1, was further sorted to enrich for cells with relatively large aggregates (Fig. 1, D and  C, bottom panels) . About 95% of sorted clone 4.1 cells (hereafter referred to as clone 4.1 for simplicity) maintained tau aggregates even after more than 100 days of passaging in culture, implying that tau inclusions can be faithfully propagated during mitosis and cells carrying aggregates must be dividing at a similar rate as aggregate-free cells in our system. Live imaging of clone 4.1 cells (supplemental Movie S2; Fig.  2B ) indeed demonstrated that aggregated tau was readily and reliably segregated into daughter cells during mitosis, which sometimes required remodeling of chunky aggregates into finer pieces to be inherited by daughter cells, wherein further recruitment and coalescence occurred. In cells not actively dividing, tau aggregates are also dynamic structures that are free to undergo morphological changes, and highly mobile small aggregates frequently appear to be dissociating from larger aggregates (supplemental Movie S2).
Clearance and Re-emergence of Tau Aggregates Upon Modulation of Soluble Tau Expression-Two days after tau PFF transduction, clone 4 cells were placed on Dox-free medium to turn off soluble tau expression. Although abundant Triton-insoluble tau aggregates remained after 3 days off Dox (Fig. 3A) , probably because of delayed reduction in soluble tau (Fig. 3, B and C) , a prominent decrease in Triton-insoluble tau started at 5 days off Dox until only minute quantities of small aggregates could be detected at 12 days off Dox (Fig. 3A) . Immunoblotting of sequentially extracted cell lysates with antibodies against total tau (17025) and phosphorylated tau (PHF-1) showed that reduction in Triton-insoluble tau mirrors reduction in Tritonsoluble tau (Fig. 3, B and D) , suggesting that cells are capable of clearing aggregated tau when depleted of the substrate (i.e. soluble tau) for templated recruitment. Moreover, the presence of tau aggregates did not significantly influence the clearance of soluble tau (Fig. 3, B and C) .
A similar trend of aggregate reduction was observed in clone 4.1 cells upon withdrawal of Dox (Fig. 4A) . To confirm that the apparent clearance of tau pathology cannot be solely attributed to continual dilution of aggregates by cell division, whole coverslip quantifications of Triton-insoluble GFP signals were performed on clone 4.1 cells, which revealed a steady reduction in the total burden of tau aggregates at the population level from 5 to 10 days off Dox (Fig. 4B) . Live imaging of clone 4.1 cells off Dox further showed that large and sometimes elongated tau aggregates gradually turned into smaller round inclusions over time, with fine pieces of aggregates appearing to be dissociating from the former (supplemental Movie S3; Fig. 4C ). Interestingly, the tiny thread-like aggregates seem to be extremely mobile entities exhibiting visible displacement within a fraction of a second (supplemental Movie S4).
To test whether cells grown in Dox-free medium for a prolonged period of time will be repopulated with tau aggregates when tau expression is turned on again, we returned transduced clone 4 cells to Dox-containing medium after either 12 or 21 days off Dox. Following 12 days of suppressed tau expression, reintroduction of soluble tau resulted in rapid reinstatement of robust tau aggregation within 2 days (Fig. 5, A, top  panels, and D) . Moreover, these re-emerged aggregates were stably propagated for up to 100 days as long as soluble tau was being expressed (Fig. 5, B and E) . Quantification of the percentage of aggregate-bearing cells (Fig. 5C ) revealed a steady decline in the prevalence of aggregates as tau expression was turned off, but about 25% of cells still retained small amounts of aggregates at 12 days off Dox, which are only visible under high magnification (Fig. 3A) , and abundant tau aggregates re-appeared and were sustained in a similar percentage of cells after tau expression was turned on again. The re-emergence of tau inclusions following 12 days Dox withdrawal and reintroduction similarly occurred in clone 4.1 cells (Fig. 5F ), in which BioPORTER reagent and cell membrane-associated tau PFFs must have been long cleared after weeks of passaging in culture.
However, when the Dox withdrawal period was increased to 21 days for PFF-transduced clone 4 cells, very few cells re-developed conspicuous aggregates following the reintroduction of Dox (Fig. 5, A, bottom panels, and D and E) . Such "off time"-dependent reinstatement of tau aggregates was also observed in clone 4.1 cells, whereby full recovery of extensive tau aggregation occurred when the off Dox period was limited to 7 days, whereas longer suppression of tau expression led to either partial or no recovery (Fig. 5G) . These results suggest cells that retain aggregated tau after varying clearance durations are the ones that eventually regain full pathology once soluble tau is available again to be recruited by the remnant seeds. The longer the suppression of soluble tau expression, the lower the percentage of cells maintaining seeds.
Conditional Degradation of Tau Aggregates by AutophagyTo examine whether cellular protein degradation systems are playing any role in the clearance of tau aggregates when soluble tau expression is turned off, clone 4.1 cells were treated with pharmacological inhibitors of lysosome function (chloroquine diphosphate or CQ; bafilomycin A1 or BafA1) or proteasome function (clasto-lactacystin ␤-lactone or c-lac; epoxomicin or epox) from 3 days off Dox to 5 days off Dox, during which Triton-soluble and -insoluble tau decreased by about 67 and 50%, respectively (Fig. 6 , A-C). Both CQ and BafA1, which prevent acidification of lysosomes, resulted in dramatic accumulations of LC3-II (lipidated form of LC3 specifically localized in the autophagosomal membranes), indicating successful blockade of lysosomal degradation (25) (Fig. 6D) . Both c-lac and epox led to increased accumulations of high molecular weight ubiquitinated proteins in the Triton-soluble fraction, supporting inhibition of the UPS. Proteasomal inhibition by c-lac or epox was also associated with increased LC3-II levels, which could be due to a compensatory activation of autophagy, as shown before (15) .
Immunoblotting of sequentially extracted cell lysates at 5 days off Dox showed significantly higher levels of Triton-insoluble tau resulted from treatment of lysosomal inhibitors, but no significant difference was found with proteasomal inhibition as compared with untreated cells (Fig. 6, D, F, and G) . This suggests lysosomes, but not proteasomes, play a role in the clearance of aggregated tau, although inhibition of lysosomes did not completely restore insoluble tau to the pre-treatment levels (compare Fig. 6, C and F) , arguing other mechanisms may be at play (see "Discussion"). Parallel experiments were performed on clone 4.1 cells maintained on Dox, but inhibition of neither lysosomes nor proteasomes led to significant elevation of Triton-insoluble tau, indicating less efficient degradation of tau aggregates when soluble tau is abundant (Fig. 6, H, J, and K) . On the other hand, we noted that proteasomal inhibitors only resulted in significantly higher levels of soluble tau in cells maintained on Dox (Fig. 6, E and I) . Their lack of effect in cells off Dox could be explained by a compensatory takeover of the JUNE 17, 2016 • VOLUME 291 • NUMBER 25
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autophagy, which has been shown to be capable of degrading soluble tau (14) but conceivably becomes overwhelmed when soluble tau level is too high.
Interactions between Tau Aggregates and Autophagy Markers-Lysosomes are the final degradation machinery of autophagy pathways, which include macroautophagy, microautophagy, and chaperon-mediated autophagy (reviewed by Ref. 26) . Given the physical size of tau aggregates, macroautophagy (hereafter referred to as autophagy for simplicity) is the most likely mechanism mediating the degradation of tau aggregates during Dox removal. Indeed, immunostaining for markers of autophagy in clone 4.1 cells revealed clusters of LC3 and p62 (an adaptor protein on the autophagosomes) puncta frequently around tau inclusions, suggesting recruitment of autophagosomes by tau aggregates (Fig. 7, A and B) . However, no obvious difference in the extent of colocalization between tau inclusions and autophagosomes was observed in clone 4.1 cells on or off Dox, which was further confirmed by Manders coefficient analysis on the percentage area of tau inclusions (based on focal accumulation of GFP signals) with overlapping LC3 or p62 immunoreactivities (LC3: 23.8 Ϯ 0.9% for off Dox, 31.6 Ϯ 3.5% for on Dox, p ϭ 0.098; p62: 27.1 Ϯ 3.5% for off Dox, 20.0 Ϯ 4.2% for on Dox, p ϭ 0.26). Therefore, the insubstantial degradation of Triton-insoluble tau when cells are on Dox is unlikely due to failed interactions with autophagosomes per se. A more plausible reason is that tau aggregates may be too large to be properly handled by the autophagy system when soluble tau is highly expressed, whereas suppression of soluble tau expression promotes the formation of smaller aggregates (supplemental Movie S3; Fig. 4C ), possibly through spontaneous disassembly as a result of shift in the equilibrium (27) .
Even during Dox withdrawal, the degradation of tau aggregates seems to be an inefficient process. After a 1-day treatment with CQ, the dramatically increased LC3 and p62 accumulations, which presumably represent autophagolysosomes that failed to be turned over during the treatment period because of increased lysosomal pH, mostly did not colocalize with tau aggregates (Fig. 8A and B) . In fact, Manders coefficients for the percentage area of LC3 or p62 immunoreactivities with overlapping tau aggregates were markedly lower in CQ-treated cells than in untreated cells either on or off Dox ( Fig. 8D and E) . These results suggest other cellular substrates were disproportionately more readily shuttled into autophagolysosomes for degradation as compared with tau aggregates. Therefore, frequent focal accumulations of LC3 and p62 around tau aggregates may actually represent stalled maturation of autophagosomes into autophagolysosomes or even inefficient packaging of tau aggregates into autophagosomes. Consistent with this idea, lack of clear colocalization of tau aggregates with lysosomes (labeled by LAMP1) was noted without (Fig. 7C) and with (Fig. 8C) CQ treatment, suggesting tau aggregates do not constitute a major pool of lysosomal substrates even when they do get degraded during the off Dox period.
The Effect of Tau Aggregation on Autophagy Flux-To investigate whether tau aggregates, either acutely induced in newly transduced clone 4 cells or persistently propagated in clone 4.1 cells, impair autophagy flux, cellular levels of LC3-II, p62, and Triton-insoluble high molecular weight ubiquitinated proteins were compared using Western blotting of lysates from Doxinduced clone 4 cells with and without tau PFF transduction (BioPORTER reagent treatment without tau PFFs serving as a control), clone 4.1 cells maintained on Dox, and clone 4.1 cells removed from Dox, with all cells treated either in the absence or presence of CQ (Fig. 9) . Besides being functional components of the autophagy machinery, LC3-II and p62 themselves are also substrates of the ALP because they get degraded in the lysosomes alongside insoluble ubiquitinated proteins that cannot be degraded by the proteasomes (28) . For all experimental groups, 2 days of lysosomal inhibition by CQ treatment led to tremendous accumulations of all three substrates (Fig. 9A ). An estimation of turnover rates for the three substrates (level with CQ treatment, level without CQ treatment) revealed no significant difference among the different groups (Fig. 9, E-G) , suggesting both acute and chronic exposures to tau aggregates have minimal effect on the cellular autophagy flux. Therefore, whereas tau aggregates are inefficiently handled by autophagy, they do not compromise the normal functioning of this degradation pathway, which is also supported by dramatic accumulation of LC3 and p62 upon CQ treatment shown by immunostaining (Fig. 8, A and B) . Although tau aggregate-bearing cells tended to show enhanced steady-state LC3-II levels as compared with clone 4 cells expressing soluble tau without aggregates, the differences only reached statistical significance for clone 4.1 cells off Dox (Fig. 9B ) and may represent a slight increase in LC3-II synthesis because LC3-II degradation was not affected (Fig. 9E) . On the other hand, clone 4 cells newly transduced with tau PFFs displayed significant elevation in steady-state levels of p62 and insoluble ubiquitinated proteins (Fig. 9, C and D) . Considering the largely normal turnover of autophagic substrates, this result suggests increased buildup of intracellular misfolded proteins (not just tau) immediately following induction of tau aggregation. Such proteostatic stress no FIGURE 6. Degradation of tau aggregates by autophagy pathway. A, clone 4.1 cells that were 3 or 5 days off Dox were sequentially extracted with 1% Triton X-100 lysis buffer (Tx) followed by 2% SDS lysis buffer (SDS) and immunoblotted with 17025 and PHF-1. B and C, densitometry quantification of 17025 immunoblots as shown in A based on 2 independent sets of experiments. Student's t test was performed. *, p Ͻ 0.05. D, clone 4.1 cells were treated with pharmacological inhibitors of lysosomes (CQ:30M chloroquine diphosphate; BafA1, 200 nM bafilomycin A1) or proteasomes (c-lac,10M clasto-lactacystin ␤-lactone; epox,20nM epoxomicin) from 3 to 5 days off Dox and sequentially extracted. Immunoblotting with different antibodies was shown for one representative set of experiments, where 1 and 2 indicate samples from duplicate wells. Antibody against ubiquitin (Ub) revealed high molecular weight-ubiquitinated proteins. LC3 and GAPDH immunoblotting was only performed on the Triton X-100 fraction because they are fully extractable by 1% Triton X-100 lysis buffer. The LC3 antibody recognizes both LC3I (ϳ18 kDa) and LC3-II (ϳ14 kDa). E--G, densitometry quantification of 17025 immunoblots for experiments shown in D. H, the same experiment as shown in D was performed on clone 4.1 cells maintained on Dox. I-K, densitometry quantification of 17025 immunoblots for experiments shown in H. Quantifications were shown for Triton X-100-soluble tau (E and I), SDS-soluble tau (F and J), and SDS-soluble tau expressed as % of Triton X-100-soluble tau (G and K). As the volume of the SDS fraction is one-third of the volume of the Triton X-100 fraction for each biological sample, the amounts of tau in the SDS fraction measured from the immunoblots were divided by 3 for the calculation. For off Dox experiments: n ϭ 4 independent experiments except for n ϭ 3 for epox treatment group. For on Dox experiments: n ϭ 3 independent experiments. Data are shown as mean Ϯ S.E. One-way ANOVA was performed followed by Dunnett's post hoc test for pairwise comparisons between each drug treatment condition and the untreated control. *, p Ͻ 0.05. **, p Ͻ 0.01.
longer exists in clone 4.1 cells with persistent tau aggregates, implying cellular adaptation to the long-term presence of tau aggregates.
Differential Responses of UPS to Tau and ␣-Syn
AggregatesEarlier studies from our lab demonstrated that Lewy body-like ␣-Syn aggregates induced by transduction of ␣-Syn PFFs interact not only with autophagy machinery but also with the UPS components, although neither system is able to degrade the aggregates (24, 29) . Surprisingly, both nascent tau inclusions in newly transduced clone 4 cells and long-term propagated tau inclusions in clone 4.1 cells rarely showed colocalization with ubiquitin or the 20S proteasome subunit (the catalytic core of proteasome) when soluble proteins were extracted during fixing (Fig. 10, A and B, for newly transduced clone 4; data not shown for clone 4.1), although the extent of colocalization with ubiquitin was significantly higher in the newly transduced clone 4 cells based on Manders coefficients (Fig. 10E) . Consistent with our previous studies, ␣-Syn aggregates induced in clone 4.1 cells by transient transfection of ␣-Syn and transduction of ␣-syn PFFs were extensively colocalized with ubiquitin and 20S immunoreactivities (Fig. 10, C and  D) , with Manders coefficient for the fraction area of ␣-Syn aggregates overlapping with ubiquitin or 20S immunoreactivities overwhelmingly higher than that for tau aggregates in newly transduced clone 4 cells (Fig. 10, E and F) , although both types of protein aggregates were newly formed under the respective experimental paradigms. Meanwhile, increased colocalization with ubiquitin and the 20S subunit were observed for persistent tau aggregates in clone 4.1 cells when ␣-Syn aggregates were induced in the same cells (Fig.   10, E and F) , probably because of frequent association between the two kinds of aggregates (Fig. 10, C and D) . These results suggest the UPS is not indiscriminately activated by the formation of any protein aggregates, whereby strong responses are mounted toward ␣-Syn aggregates, whereas tau aggregates are largely ignored in our cellular system. Interestingly, although both neurofibrillary tangles and Lewy bodies are partially ubiquitinated in the diseased brains, neuropathological studies reported far more extensive associations of proteasomes with Lewy bodies than with neurofibrillary tangles (30, 31) .
Discussion
By using a cell line with inducible expression of tau, we demonstrated that even high burdens of tau aggregates can be gradually removed with extended suppression of soluble tau expression, and the ALP is at least partially mediating the clearance process. Nevertheless, a small amount of aggregates remaining at the end of the clearance phase can lead to rapid re-emergence of robust tau pathology once soluble tau expression is restored. In addition, live imaging of these aggregate-bearing cells revealed that tau aggregates are dynamic structures that can undergo fusion and fission, and they can be stably carried in dividing cells due to ready partitioning into daughter cells during mitosis.
In the past few years, mounting evidence suggests that protein aggregates involved in various neurodegenerative diseases, including tau aggregates, are self-amplifying entities that can propagate along neuroanatomical connections, leading to disease progression from restricted brain areas in the early phase of the disease to widespread brain regions in the later stages (reviewed by Ref. 32) . In vitro studies on disease-associated proteins such as prion and tau showed that fragmentation of long fibrils, usually achieved by sonication, is critical for efficient seeded amplification (33, 34) . Moreover, it has been further demonstrated that only short tau fibrils, but not long fibrils, can be internalized and transported by neurons (35) . Therefore, it is unclear how the bulky, apparently immobile tau inclusions detected in the tauopathy brains could undergo cell-to-cell transmission. Previous studies suggested that molecules within fibrillar aggregates can freely dissociate from one filament and re-associate with another filament (36, 37) . This dynamic equilibrium between aggregates and their subunits was also supported by an in vivo study on tau (38) . By visualizing GFPtagged tau aggregates in living cells, our current study provides direct evidence of the dynamics of intracellular tau aggregates at the macroscopic level. Not surprisingly, small tau aggregates appear to be mobile entities that are highly diffusible in cells and have a great propensity to coalesce into larger aggregates when soluble tau expression is high. More interestingly, even visually cumbersome aggregates can readily undergo morphological restructuring and fracture into smaller pieces during cell division, which get passed along into daughter cells. In some instances, small aggregates also seemed to dissociate from the edge of large aggregates in the absence of cell division. Assuming that this dynamic nature of tau aggregates also occurs in neurons, these results suggest that seemingly inert tau inclusions can release small seeds for transport along axons, with subsequent release and spreading to other neurons. Furthermore, fragmentation of tau aggregates into daughter cells offers a potential mechanistic explanation for pathological tau transmission in glial cells, which are shown to proliferate in neurodegenerative diseases (reviewed by Ref. 39 ).
We showed here that the ALP was involved in the clearance of tau aggregates when soluble tau expression was turned off, as supported by frequent colocalization of focal tau inclusions with autophagy markers and slower reduction of insoluble tau upon lysosomal inhibition. However, it is possible that spontaneous disassembly of tau aggregates into smaller species, such as oligomers and even monomers, may also be taking place. In fact, it has been demonstrated in vitro that amyloid fibrils made up of tau, A␤, or ␣-Syn readily undergo disaggregation when diluted in monomer-free solution (27, 40 -42) , which is somewhat analogous to the cellular condition when soluble tau expression is suppressed. Reduced concentration of soluble tau in the cytoplasm may shift the dynamic equilibrium of tau aggregation, resulting in a net disassembly of aggregates. This hypothesis of concentration-dependent equilibrium is supported by live imaging of clone 4.1 cells, which showed that dissociation of small aggregates from large inclusions was accompanied by a gradual decrease in the overall sizes of aggregates when tau expression was turned off, but not when cells were highly expressing tau. Moreover, ineffective lysosomal degradation of insoluble tau when tau expression is high in our cell model suggests the ALP may be incapable of handling relatively bulky tau aggregates, although the latter appear to be actively recruiting autophagosomes. Therefore, spontaneous disintegration of large tau aggregates is likely occurring upon suppression of tau expression to facilitate degradation by the ALP. The lack of obvious colocalization of lysosomes with tau inclusions may imply that the conspicuous aggregates are rarely delivered into the lysosomes, and that the actual tau species being degraded are probably very short filaments or oligomers that dissociate from the large aggregates during disassembly.
Although prior work (12) and our study suggest it is possible to remove intracellular tau aggregates by suppressing soluble tau expression, there are several factors that should be considered in adopting this strategy as a therapeutic approach for tauopathies. First, one of the detrimental consequences of tau aggregation is suggested to be reduced microtubule stability due to sequestration of soluble tau (43) . This deficit will be exacerbated by reducing tau expression. Second, our study reveals that even miniscule amounts of tau aggregates remaining after clearance are sufficient to promote robust pathology if soluble tau expression is restored, and irreversible clearance only occurred with a more extended period of soluble tau removal. Moreover, in an earlier study using transgenic mice with inducible expression of tau, neurofibrillary tangles continued to accumulate in mice when the suppression of soluble tau expression was incomplete (8) . These findings pose challenges for a potential therapeutic approach of reducing normal tau, as it is unclear how long it would take for well established tau inclusions to be thoroughly cleared from human brains without residual seeding-competent tau species, and it is also technically challenging and potentially unsafe to maintain appreciable suppression of tau expression on a long-term basis. Third, our live imaging experiment showed that small tau aggregates generated during the clearance phase are exceptionally mobile, rendering them possibly even more harmful to cells than the bulkier and more consolidated aggregates, as has been proposed for oligomers and protofibrils (reviewed in Refs. 44 and 45) . Moreover, the highly diffusible misfolded tau seeds, if not thoroughly cleared, may spread more readily along neuroanatomically connected pathways, leading to even wider distribution of pathology once tau expression is resumed.
Our observation that QBI-293 cells are able to stably propagate tau inclusions for months without obvious cellular toxicity suggests aggregated tau could be well tolerated by cells. Although we cannot exclude intrinsic differences in resilience between immortalized dividing cells in culture and post-mitotic neurons in human brain, our study reveals that the toxicity of tau aggregates could be partly determined by their effects on protein degradation systems. In our clone 4.1 cells, despite local recruitment of autophagosomes by tau aggregates, there is no appreciable accumulation of ALP components overall and the autophagy flux remains normal. We also found few interactions between the UPS and tau inclusions. In short, both the UPS and ALP are not strongly responding to tau aggregation and remain largely unperturbed in our cell model. On the other hand, significant accumulation of autophagic vacuoles (pre-lysosomal autophagy vesicles) is observed in AD brains, especially in the dystrophic neurites and perikarya of neurons containing tau filaments (46) . Also unlike our cell model, a subset of neurofibrillary tangles are ubiquitinated in AD brains, although ubiquitination was suggested to be a late event (47) (48) (49) . Because degradation by UPS requires unfolding and translocation of substrates into the catalytic core of proteasome, this pathway is ill-suited at degrading physically cumbersome protein aggregates. Our current study suggests that, despite a modulatory role of the ALP in clearing tau aggregates when soluble tau expression is suppressed, the ALP is also inefficient at handling large tau aggregates, and similar findings were made in our earlier study on ␣-Syn aggregates (24) . Furthermore, when cells fail to clear large tau or ␣-Syn aggregates by activating both UPS and ALP, the excessive engagement of degradation machineries with aggregates may actually compromise the degradation of other proteins, resulting in cellular dysfunction in the long run. In fact, reduced proteasome activity found in AD brains was demonstrated to be caused by neurofibrillary tangles interacting with proteasomes (50, 51) . Therefore, whereas it is generally believed that activating cellular degradation systems represents a promising therapeutic strategy for neurodegenerative diseases characterized by protein aggregation, our studies lead us to propose that a more beneficial approach may be to identify means to inhibit unproductive interactions between protein aggregates and components of the protein degradation systems, so as to free the latter for their normal functions.
In conclusion, our data provide new understandings of the dynamics of tau aggregates in mediating cell-to-cell transmission in dividing cells and perhaps in neurons. Moreover, our elucidation of the turnover of tau aggregates, as well as their interactions with protein degradation systems, offers new insights into potential therapeutic strategies for neurodegenerative tauopathies. In particular, our data raise concerns about a therapeutic approach of lowering tau expression, and call for a reconsideration of therapeutic attempts to enhance protein degradation systems. Indeed, our results suggest that small molecules or biologics that can prevent tau aggregates from engaging cellular degradation machineries may allow for the continued function of these critical cellular components, thereby reducing cellular stress and toxicity.
